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Three-Dimensional Structure of the Synaptotagmin 1
C2B-Domain: Synaptotagmin 1 as a
Phospholipid Binding Machine
lefski and Falke, 1996; Rizo and Su¨dhof, 1998). The func-
tion of the C2A-domain is likely to be associated with
its Ca2-dependent interactions with phospholipids
(Davletov and Su¨dhof, 1993) and with the SNARE protein
syntaxin (Li et al., 1995), a central component of the
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The synaptotagmin 1 C2B-domain plays a critical roleSummary
in Ca2-triggered fusion (Littleton et al., 2001) but its
structural and biochemical properties are uncertain. TheSynaptotagmin 1 probably functions as a Ca2 sensor
C2B-domain binds to the clathrin adaptor protein AP-2,in neurotransmitter release via its two C2-domains,
suggesting a role in endocytosis (Zhang et al., 1994). Inbut no common Ca2-dependent activity that could
addition, the C2B-domain has been implicated in Ca2-underlie a cooperative action between them has been
dependent oligomerization of synaptotagmin 1 (Chap-described. The NMR structure of the C2B-domain now
man et al., 1996; Sugita et al., 1996), and in interactionsreveals a  sandwich that exhibits striking similarities
with Ca2 channels (Sheng et al., 1997), inositol poly-and differences with the C2A-domain. Whereas the
phosphates (Fukuda et al., 1994), -SNAP (Schiavo etbottom face of the C2B-domain has two additional 
al., 1995), and SV2 (Schivell et al., 1996). However, sev-helices that may be involved in specialized Ca2-inde-
eral of these interactions were mapped to the same sitependent functions, the top face binds two Ca2 ions
of the C2B-domain, a highly basic region (Fukuda et al.,and is remarkably similar to the C2A-domain. Consis-
1995; Chapman et al., 1998), and were identified usingtent with these results, but in contrast to previous
immobilized GST-C2B-domain fusion proteins. These fu-studies, we find that the C2B-domain binds phospho-
sion proteins can contain acidic bacterial contaminantslipids in a Ca2-dependent manner similarly to the
tightly bound to the polybasic region, which may haveC2A-domain. These results suggest a novel view of
promoted binding artifacts while hindering relevant in-synaptotagmin function whereby the two C2-domains
teractions (Ubach et al., 2001). In fact, one of the mostcooperate in a common activity, Ca2-dependent phos-
surprising results obtained in studies of the C2B-domainpholipid binding, to trigger neurotransmitter release.
was the observation that immobilized GST-C2B-domain
fusion proteins did not exhibit Ca2-dependent bindingIntroduction
to negatively charged phospholipids such as phosphati-
dylserine (PS) (Schiavo et al., 1996; Bai et al., 2000).The release of neurotransmitters by Ca2-triggered syn-
Phospholipid binding is the most characteristic propertyaptic vesicle exocytosis is a central event in synaptic
of C2-domains (reviewed in Rizo and Su¨dhof, 1998), andtransmission. A variety of evidence has led to the general
the observation that a mutation that decreases Ca2-
belief that the synaptic vesicle protein synaptotagmin 1
dependent phospholipid binding to synaptotagmin 1 re-
acts as a Ca2 sensor in this process (reviewed in Ben- sults in a parallel decrease in the synaptic vesicle release
nett, 1999). Synaptotagmin 1 is a member of a large probability has provided perhaps the most compelling
family of neuronal membrane proteins (Su¨dhof and Rizo, evidence supporting a role for synaptotagmin 1 as a
1996), and contains two C-terminal C2-domains that Ca2 receptor in neurotransmitter release (Fernandez-
form most of its cytoplasmic region (Perin et al., 1990). Chacon et al., 2001). Thus, the lack of phospholipid
Both C2-domains (referred to as C2A- and C2B-domains) binding to the C2B-domain is puzzling.
are likely to contribute to the Ca2 sensing function of Based on sequence homology, the three-dimensional
synaptotagmin 1. Hence, elucidating how the two C2- structure of the synaptotagmin 1 C2B-domain is ex-
domains of synaptotagmin 1 cooperate to trigger ex- pected to be analogous to the structure of the C2B-
octosis is critical to understanding the mechanism of domain from the Rab3 effector protein rabphilin deter-
neurotransmitter release, but no common Ca2-depen- mined by NMR (Ubach et al., 1999). This structure is
dent activity of the two C2-domains has been identified. similar to that of the synaptotagmin 1 C2A-domain but
The synaptotagmin 1 C2A-domain has been exten- includes an  helix inserted in one of the bottom loops
sively studied, revealing properties that have become which is predicted to be shared by all C2B-domains of
paradigmatic for C2-domains in general (reviewed in Na- proteins containing tandem C2-domains. This bottom
helix has also been observed in the crystal structure of
the double C2-domain region of synaptotagmin 3 (Sutton4 Correspondence: jose@arnie.swmed.edu
5 These authors contributed equally to this work. et al., 1999). In this study, the electron density of synap-
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Table 1. Structural Statistics for the 20 Structures of the Synaptotagmin 1 C2B-Domain with the Lowest NOE Energies
Average rms Deviations from Experimental Restraints (2888 total)
NOE distance restraints (A˚)
All 2492 0.0095  0.0002
Intraresidue 398 0.0077  0.0011
Sequential (|ij|  1) 383 0.0089  0.0005
Short range (|ij|  2-4) 353 0.0096  0.0007
Long range (|ij|  4) 1358 0.0100  0.0002
Hydrogen bonds (A˚) 170 0.0048  0.0007
Dihedral angles () 214 0.114  0.019
Ca2/ligands (A˚) 12 0.015  0.0025
Average rms Deviations from Idealized Covalent Geometry
Bonds (A˚) 0.0017  0.00003
Angles () 0.380  0.005
Impropers () 0.27  0.01
Ramachandran Plot Statistics1
Residues in most favored regions 80.5%
Residues in additionally allowed regions 17.9%
Residues in generously allowed regions 0.9%
Residues in nonallowed regions 0.6%
Average rms Deviations of Atomic Coordinates (A˚)
Among 20 Structures To Average Structure
Backbone residues 273–418 0.42 0.29
Heavy atoms residues 273–418 1.02 0.70
Backbone secondary structure2 0.25 0.17
Heavy atoms secondary structure2 0.84 0.58
All 20 structures have NOE energies below 19 kcal/mol. There were no NOE violations larger than 0.2 A˚ or dihedral angle violations larger
than 2.
1 Calculated using the program PROCHECK (Laskowsky et al., 1993).
2 Residues 274–282, 288–298, 310–317, 323–330, 338–345, 355–363, 371–379, 385–396, 401–406, 410–417.
totagmin 3 suggested that only one divalent cation binds Results
to the C2B-domain due to differences in the shape of
the binding pocket with respect to the C2A-domain (Sut- High Resolution Structure of the Ca2 Bound
Synaptotagmin 1 C2B-Domainton et al., 1999). This difference provides a potential
explanation for the lack of phospholipid binding proper- We recently reported the expression in bacteria of a
properly folded fragment of synaptotagmin 1 includingties in the C2B-domain, but the validity of these conclu-
sions is uncertain given the relatively low resolution of the C2B-domain (residues 271–421), and showed that its
NMR spectra exhibit heterogeneity due to tightly boundthe data (3.2 A˚) and the fact that the structure was solved
in the presence of Mg2, rather than Ca2. acidic contaminants that can only be removed by exten-
sive purification (Ubach et al., 2001). We also showedIn order to understand how synaptotagmin 1 func-
tions, it is critical to define the Ca2 binding properties that the purified recombinant C2B-domain is a functional
Ca2 binding module that remains monomeric in theof the C2B-domain and to establish whether there are
indeed structural features that underlie the differences presence of Ca2. To determine the three-dimensional
structure of the Ca2 bound C2B-domain, we used multi-observed in the phospholipid binding properties of the
C2A- and C2B-domains. To address these questions, we dimensional NMR experiments acquired in the presence
of saturating Ca2 concentrations (20 mM). Two Ca2have determined the three-dimensional structure of the
Ca2-saturated synaptotagmin 1 C2B-domain in solution ions were included in the final steps of the structure
calculations based on the mutational analysis describedusing NMR spectroscopy. The structure is similar to
those obtained for the rabphilin and synaptotagmin 3 below. The final structures were obtained using a total
of 2888 unique, conformationally significant restraints,C2B-domains, but includes an additional  helix involv-
ing a C-terminal sequence that has been implicated in which included 1,358 long-range NOEs (Table 1). Back-
bone superpositions of the 20 structures with the lowestinternalization (Jarousse and Kelly, 2001). We also show
that the synaptotagmin 1 C2B-domain binds two Ca2 NOE energies (Figures 1A and 1B) show that the struc-
ture is well defined throughout most of the domain, withions at the top of the  sandwich and shares striking
similarities with the C2A-domain in this region. Corre- very low rms deviations. The lack of structural definition
in one of the loops involved in Ca2 binding (loop 3)spondingly, we find that properly purified C2B-domain
indeed binds PS-containing phospholipid vesicles in a correlates with the NMR data observed for this region,
which are indicative of flexibility (note that the ligandsCa2-dependent manner. These results suggest that while
the bottom faces of the synaptotagmin 1 C2-domains for the two Ca2 ions are at the base of the loops, where
the structure is well defined). The quality of the structuremay be specialized for distinct Ca2-independent func-
tions, the most critical function of synaptotagmin 1 in Ca2 is also illustrated by low deviations from idealized cova-
lent geometry and good Ramachandran map statisticstriggering of neurotransmitter release involves coopera-
tive Ca2-dependent binding of both C2-domains to (Table 1).
The overall structure of the C2B-domain of synapto-phospholipids.
Structure of the Synaptotagmin I C2B-Domain
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Figure 1. Three-Dimensional Structure of the Synaptotagmin 1 C2B-Domain
(A) and (B) show superpositions of the 20 structures with the lowest NOE energies in two different orientations. (C) and (D) are ribbon diagrams
of the structure of the C2B-domain in the same orientations. Strands are labeled from 1 to 8, helices are labeled HA and HB, and the Ca2
ions (orange spheres) are labeled Ca1 and Ca2. Note that the loop connecting strands 5 and 6 forms a very short  helix in some C2-domains
but such helix is not observed in the structure of the synaptotagmin 1 C2B-domain. The figure was generated with the programs InsightII
(MSI, San Diego, California) and Molscript (Kraulis, 1991).
tagmin 1 (Figures 1C and 1D) consists of a  sandwich and one side of the C2B-domain substantially different
from that of the C2A-domain. In contrast, the overallformed by two four-stranded  sheets, as observed for
other C2-domains (reviewed in Rizo and Su¨dhof, 1998). structure of the  sandwich and the top loops are very
similar (1.3 A˚ root mean square [rms] deviation betweenThe structure includes two  helices that are absent in
the C2A-domain, one within the bottom loop between the C2A-domain and C2B-domain for 105 equivalent C
carbons). Somewhat surprisingly, larger rms deviationsstrands 7 and 8 (helix A) and another formed by a
C-terminal sequence that extends to the very C terminus are observed between the synaptotagmin 1 C2B-domain
and the rabphilin and synaptotagmin 3 C2B-domainsof synaptotagmin 1 (helix B). While helix A was pre-
viously observed in the rabphilin and synaptotagmin 3 (1.9 A˚ rms deviation for 125 equivalent C carbons in
both cases) primarily due to differences in the bottomC2B-domains, helix B represents an unexpected new
feature of the synaptotagmin 1 C2B-domain. This helix half of the structure. The fact that helix B is absent in
rabphilin and synaptotagmin 3 shows that this helix doesis tightly packed against the edge of one of the  sheets,
interacting with residues from strands 3, 6, and 7 (Fig- not constitute a general feature of C2B-domains, but
rather a specific feature of synaptotagmin 1. Sequenceures 1D and 2A), and is in close proximity to the polyba-
sic region that has been implicated in several interac- analysis shows that, in addition to synaptotagmin 2
(which is almost identical to synaptotagmin 1), only syn-tions of the C2B-domain, including binding to AP-2
(residues 321–327) (Chapman et al., 1998). Note that, in aptotagmin 8 has a C terminus that is homologous and
is thus likely to form an analogous helix (Figure 3B). Thisaddition to residues from this sequence, several resi-
dues from other parts of the C2B-domain contribute to observation suggests that synaptotagmins 1, 2, and 8
form a subfamily of synaptotagmins, although synapto-make this region of the molecule highly basic, while next
to this region, there is a patch of negative residues from tagmin 8 probably does not bind Ca2. Evolutionary anal-
ysis revealed that the C-terminal helix is fully conservedhelix B (residues 410–412 and 414) (Figure 2A). This
striking arrangement, which gives a strong dipolar char- in the synaptotagmin 1 homologs reported from Dro-
sophila and C. elegans, but is absent in those from squidacter to this side of the C2B-domain and contrasts with
the lack of salient electrostatic features on the other and Aplysia, suggesting that either synaptotagmin 1 is
different in molluscs or the synaptotagmins describedside of the molecule (Figure 2B), could be important for
the proposed role of the synaptotagmin 1 C2B-domain for molluscs are not true synaptotagmin 1 homologs.
in endocytosis (see Discussion).
Our results show that the C2B-domain of synaptotag- Ca2 Binding Causes Minimal Conformational
Changes in the Synaptotagmin 1 C2B-Domainmin 1 is significantly larger than the C2A-domain (about
20 residues) due to the presence of the two  helices, In order to study the structural consequences of Ca2
binding to the synaptotagmin 1 C2B-domain, we ob-and yield a domain structure of synaptotagmin 1 where,
contrary to what was previously thought, there is no tained assignments for most 1H-15N HSQC cross-peaks
of the Ca2-free C2B-domain based on the assignmentsadditional C-terminal domain after the two C2-domains
(Figure 3A). The two  helices also render the bottom obtained for the Ca2 bound form by monitoring the
Neuron
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Figure 2. The C-Terminal Helix of the C2B-Domain Is Proximal to the Polybasic Region
Space filling models showing two opposite sites of the C2B-domain are displayed, with acidic residues colored in red and basic residues in
blue. The residues of helix B (HB) are colored in gray except for the acidic residues, which are colored in red. Hydrophobic residues in the
Ca2 binding region are colored in yellow. Hydrophobic and basic residues from the Ca2 binding region, as well as residues from the polybasic
region and helix B are labeled. The figure was generated with the program InsightII (MSI, San Diego, California).
Ca2 dependence of the position of each 1H-15N HSQC C-	1 (PLC-	1) C2-domain (Essen et al., 1997). Note that,
in contrast, the closely related C2A-domain of the activecross-peak from 0 to 20 mM Ca2. The Ca2-induced
zone protein aczonin experiences a major conforma-differences in the amide 1H and 15N chemical shifts of
tional change upon Ca2 binding (Gerber et al., 2001).the C2B-domain (Figure 4) show that Ca2 binding is
restricted to the region formed by loops 1–3, which
Ca2 Binding Mode of the Synaptotagminemerge at the top of the  sandwich (Figure 1). These
1 C2B-Domainresults parallel those obtained for the synaptotagmin 1
To determine the Ca2 binding mode of the synaptotag-C2A-domain (Shao et al., 1996) and correlate with the
min 1 C2B-domain, we used a combination of site-finding that all Ca2 binding sites identified so far in C2-
directed mutagenesis and Ca2 titrations monitored bydomains are located in these loops (reviewed in Rizo
1H-15N HSQC spectra as described earlier for the C2A-and Su¨dhof, 1998). The absence of significant chemical
domain (Ubach et al., 1998). This method is based onshift changes outside this region also demonstrates that
the fact that, for proteins with a fast chemical exchangeCa2 binding does not cause any overall conformational
on the NMR time scale between Ca2-free and Ca2change in the C2B-domain. In addition, comparison of
bound forms, the positions of the 1H-15N HSQC cross-the nuclear Overhauser effect (NOE) patterns observed
peaks corresponding to amide groups whose microenvi-in 1H-15N 3D NOESY-HSQC spectra of the Ca2-free and
ronments are changed by Ca2 binding reflect the aver-
Ca2bound C2B-domain did not reveal substantial differ- age Ca2 occupancy. As a result, Ca2 titrations cause
ences even in the Ca2 binding region, indicating that progressive movements of the cross-peaks from their
Ca2only causes minimal conformational changes asso- Ca2-free to their Ca2-saturated positions. The cross-
ciated with alterations in the rotameric states of the side peak movements follow a straight line if there is only
chains containing the Ca2 ligands. Temperature melting one Ca2 binding site or multiple Ca2 binding sites with
curves monitored by circular dichroism revealed that identical affinities, while curved cross-peak movements
Ca2 binding shifts the denaturation temperature of the demonstrate the presence of multiple binding sites with
C2B-domain from 60C to 76C, and hence stabilizes its different affinities. Each component of the curve can
structure. These results are consistent with the observa- then be associated with an individual site. The locations
tion of a Ca2-induced increase in the resistance of the of the different Ca2 binding sites can be approximately
C2B-domain to proteolysis (Desai et al., 2000), and corre- deduced from the structure of the protein and the ob-
late with the lack of significant Ca2-induced conforma- served chemical shift changes, and can be ascertained
tional changes observed in the synaptotagmin 1 C2A- by the effects that mutations in putative ligands have
on the components observed in the Ca2 titrations.domain (Shao et al., 1996, 1998) and the phospholipase
Structure of the Synaptotagmin I C2B-Domain
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Figure 3. The C-Terminal  Helix of the Syn-
aptotagmin 1 C2B-Domain Is Conserved
through Evolution but Is Present in Only a
Small Subset of Synaptotagmins
(A) shows a revised domain structure of sy-
naptotagmin 1. (B) shows an alignment of the
C termini of synaptotagmins. The C-terminal
sequences of synaptotagmin 1 from all spe-
cies reported in GenBank and of all rat synap-
totagmins (#1–13) are aligned for maximal
homology. The C-terminal sequences of the
synaptotagmin C2B-domains share a consen-
sus sequence that corresponds to salient
secondary structure elements in the domain:
a bottom  helix (conserved residues high-
lighted in red) followed by a loop (highlighted
in green) and a short eighth  strand (high-
lighted in blue). In addition, residues that are
conserved in synaptotagmins 1 and 2 but not
always conserved in other synaptotagmins
are highlighted in black. Note that synapto-
tagmin 1 orthologs have a highly conserved
C-terminal sequence that is also present in
synaptotagmin 2 (which is structurally and
functionally similar to synaptotagmin 1) and
in synaptotagmin 8 (which is more distant,
and lacks calcium binding sites). All mamma-
lian synaptotagmins 1 and 2 that have been
sequenced (1: rat, mouse, bovine, and hu-
man; 2: rat, mouse, and human) are 100%
identical in the C termini; mammalian synap-
totagmins 8 have one amino acid change
as shown. The C-terminal sequence is also conserved in C. elegans and D. melanogaster; however, the squid and Aplysia synaptotagmin 1
sequences reported in GenBank lack this sequence, either because synaptotagmin 1 orthologs in these molluscs lack the corresponding
 helix or because the synaptotagmins sequenced are not synaptotagmin 1 orthologs, but synaptotagmin 7 or 9 orthologs (which have different
subcellular localizations). The C-terminal sequence of rat synaptotagmin 10 was derived by PCR from cDNA and is published only in GenBank.
Ca2 titration of the wild-type synaptotagmin 1 C2B- the observation that the analogous D178N mutation se-
verely hindered Ca2 binding to the C2A-domain; thedomain revealed curved 1H-15N HSQC cross-peak move-
ments for several amide groups (e.g., Figure 5A), demon- concominant disruption of other Ca2 binding sites by
the D309N mutation was also observed for the C2A-strating binding of at least two Ca2 ions. To examine
the nature of the Ca2 binding sites, we built a model domain, where Ca2 binding to site Ca1 occurs first and
stabilizes the structure of the domain, facilitating Ca2based on the structure of the C2B-domain and on com-
parisons of the sequences of loops 1–3 with those of binding to other sites (Ubach et al., 1998). On the other
hand, the Ca2 titration of the N333A mutant C2B-domainthe synaptotagmin 1 C2A-domain, which contains three
Ca2 binding sites designated Ca1–Ca3 (Figure 6A), and yielded indistinguishable results from those observed
for the wild-type C2B-domain (data not shown). Thisthe C2-domains of PLC-	1 (Essen et al., 1997) and cyto-
plasmic phospholipase A2 (cPLA2) (Perisic et al., 1998). result indicates that there is no Ca2 binding to site Ca4,
in agreement with the observations that the N333 sideNote that the latter two C2-domains contain a Ca2 bind-
ing site (Ca4) that is absent in the synaptotagmin 1 C2A- chain is not oriented toward this site in the three-dimen-
sional structure of the C2B-domain, and that N333 is notdomain and includes an asparagine residue in a position
homologous to N333 of the C2B-domain (see the model conserved through evolution.
The D371N mutation had a less severe effect on Ca2of Figure 6B). This model served as a guide to design
four mutant C2B-domains containing single amino acid binding to the C2B-domain than the D309N mutation,
but helped to clearly distinguish two different compo-substitutions in putative Ca2 ligands (D309N, N333A,
G368S, and D371N). We then compared Ca2 titrations nents in the movements of 1H-15N HSQC cross-peaks
upon Ca2 titration (Figure 5C). The immediate explana-monitored by 1H-15N HSQC spectra of the mutants (Fig-
ures 5B–5D and data not shown) with the titration of the tion for this result is that the D371N mutation selectively
decreases the affinity of site Ca2 without significantlywild-type C2B-domain. None of the mutations caused
cross-peak shifts with respect to the 1H-15N HSQC spec- affecting site Ca1. Thus, the larger difference in the
affinity of the two sites in this mutant makes the twotra of the wild-type C2B-domain outside the Ca2 binding
region, establishing that the mutations did not disrupt components more prominent than in the titration of the
wild-type C2B-domain (Figure 5A). This finding also cor-the structure of the C2B-domain.
The D309N mutation strongly hindered Ca2 binding relates with the effect of the analogous D238N mutation
in the C2A-domain, which in addition abolished Ca2to the C2B-domain since 1H-15N HSQC cross-peak shifts
can only be observed at millimolar Ca2 concentrations binding to site Ca3 (Ubach et al., 1998). In the titration
of the wild-type C2B-domain, we did not find any evi-for this mutant (Figure 5B). This result correlates with
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Chacon et al., 2001). This observation shows that the
two Ca2 binding sites of the C2B-domain have similar
intrinsic affinities. The similarity in the intrinsic Ca2affin-
ities of the two sites hinders accurate determination of
their dissociation constants, but they can be estimated
to be ca. 300–400 
M and 500–600 
M for sites Ca1
and Ca2, respectively, from the approximate midpoints
of the two components of the titration. The complete
Ca2 binding mode shown in the diagram of Figure 6B
was deduced from the high resolution structure of the
C2B-domain described above, and is supported by the
observation that all Ca2 ligands were oriented toward
the Ca2 binding sites even before the Ca2 ions were
introduced into the structure calculations. The Ca2
binding mode of the C2B-domain is shown in the stereo
diagram of Figure 6C and includes two backbone car-
bonyl groups that also act as Ca2 ligands in the C2A-
domain (Figure 6A).
The C2B-Domain of Synaptotagmin 1 is a Ca2-
Dependent Phospholipid Binding Module
Ca2-dependent phospholipid binding is the most com-
mon property of C2-domains and several studies have
shown the physiological relevance of this activity (Uell-
ner et al., 1997; Edwards and Newton, 1997; Williams
and Katan, 1996; Fernandez-Chacon et al., 2001).
Whereas the synaptotagmin 1 C2A-domain binds nega-
tively charged phospholipids as a function of Ca2 viaFigure 4. The Chemical Shift Changes Induced by Ca2 Binding to
the top loops of the  sandwich (Davletov and Su¨dhof,the C2B-Domain Are Restricted to the Ca2 Binding Loops
1993; Zhang et al., 1998), in initial studies, we did notThe differences in HN and 15N chemical shifts between the Ca2-
observe any binding of immobilized GST-C2B-domainfree and Ca2 bound C2B-domain in absolute value are represented
against the residue number. The secondary structure of the C2B- fusion proteins to PS-containing vesicles, consistent
domain is shown at the top. Color coding:  strands, blue; top loops, with results from other laboratories (Schiavo et al., 1996;
green; bottom loops, light green;  helices, red. Bai et al., 2000). However, the Ca2 binding surface at
the top of the C2B-domain (Figure 2) strongly resembles
that of the C2A-domain, exhibiting two characteristicdence for a third component that would indicate binding
to a potential Ca3 site. This observation correlates with features that were shown to be involved in phospholipid
binding to the C2A-domain: positively charged residuesthe fact that the C2B-domain lacks a serine side chain
in the position homologous to S235 of the C2A-domain, surrounding the Ca2 binding sites and exposed hy-
drophobic side chains (Zhang et al., 1998; Davis et al.,which is required to form site Ca3 (Figures 5A and 5B).
The G368S mutant was designed to test whether site 1999; Fernandez-Chacon et al., 2001; Gerber et al.,
2002). These structural features suggest that the C2B-Ca3 could be artificially created in the C2B-domain. In-
deed, the titration of this mutant clearly revealed a third domain should bind phospholipids. In addition, GST-
C2B-domain fusion proteins isolated by affinity chroma-component at high Ca2concentrations (Figure 5D) simi-
lar to that corresponding to site Ca3 of the C2A-domain tography without further purification contain tightly bound
bacterial contaminants (Ubach et al., 2001), which may(Ubach et al., 1998). Thus, the absence of a serine in
position 368 of the C2B-domain, which is conserved have hindered phospholipid binding. These observations
prompted us to test whether the C2B-domain actuallythrough evolution, yields a critical distinction in the Ca2
binding modes of the two synaptotagmin 1 C2-domains. binds phospholipids using assays that can be performed
in solution with highly purified isolated C2B-domain.Altogether, our results demonstrate that the isolated
C2B-domain binds two Ca2 ions at sites Ca1 and Ca2, In a first set of experiments, we measured fluores-
cence resonance energy transfer (FRET) from trypto-although we cannot completely rule out the possibility
that additional Ca2 binding sites are formed in the pres- phan residues to dansyl-labeled, PS-containing phos-
pholipid vesicles. This assay was previously used toence of ternary components that interact with the C2B-
domain in a Ca2-dependent manner. From the results demonstrate Ca2-dependent phospholipid binding to
native synaptotagmin 1 (Brose et al., 1992). Ca2-depen-obtained with the D309N and D371N mutants, it is clear
that the first component in the titration of the wild-type dent phospholipid binding to the synaptotagin I C2A-
domain produced strong Ca2-dependent FRET as ex-C2B-domain corresponds to site Ca1 and the second to
site Ca2. The two components of the titration are less pected (Figure 7A). Remarkably, similar Ca2-dependent
FRET was observed for the synaptotagmin 1 C2B-prominent than those observed for the C2A-domain,
where the three sites have clearly distinct intrinsic affini- domain (Figure 7B). The interaction was specifically pro-
moted by Ca2 since no FRET was induced by 2 mM Mg2ties (54 
M, 530 
M, and 20 mM for sites Ca1, Ca2,
and Ca3, respectively; Ubach et al., 1998; Fernandez- (Figure 7B, green trace). In addition, the C2B-domain
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Figure 5. The C2B-Domain Binds Two Ca2
Ions
The plots represent superpositions of expan-
sions of 1H-15N HSQC spectra of the wild-type
C2B-domain (A) and the D309N (B), D371N
(C), and G368S (D) mutant C2B-domains. The
superpositions illustrate the movements of
the cross-peaks from the amide groups of
M302 (green contours) and D303 (red con-
tours) as a function of Ca2. Other cross-
peaks are in gray. The total Ca2 concentra-
tions present for each spectrum in millimolar
units were (some are indicated next to the
corresponding cross-peak) (A) 0, 0.2, 0.4, 0.6,
0.8, 2, and 5; (B) 0, 3, and 20; (C) 0, 0.2, 0.4,
0.6, 0.8, 1, 2, 5, 10, and 20; (D) 0, 0.2, 0.5, 0.8,
1.1, 2.4, 5.5, 20, and 40. No further cross-
peaks movements were observed at higher
Ca2 concentrations (up to 40 mM) in the titra-
tions illustrated in (A), (B), and (C).
containing the D309N mutation, which severely impairs observed for both the C2A- and the C2B-domains (Fig-
ures 7F and 7G) and with comparable apparent Ca2Ca2 binding, did not exhibit Ca2-dependent phospho-
lipid binding (Figure 7B, blue trace). Ca2 titrations using affinities (13 
M and 15 
M, respectively). However, the
total amount of bound lipids was substantially lower forthe FRET assay (Figures 7C and 7D) yielded an apparent
Ca2 affinity of 54 
M and a Hill coefficient of 1.3 for the C2B-domain, and the Hill coefficient obtained (1.7)
was substantially smaller than that observed for the C2A-the C2A-domain, in agreement with published results
using this assay (Nalefski et al., 2001) but lower than the domain (3.6).
The three phospholipid binding assays describedaffinities observed using immobilized GST-C2A-domain
fusion proteins (Davletov and Su¨dhof, 1993; Fernandez- above suggest that the apparent Ca2 affinities of the
C2A- and C2B-domains in the presence of phospholipidsChacon et al., 2001). For the C2B-domain, the apparent
Ca2 affinity measured by FRET was 48 
M and the Hill are comparable. The observation that the apparent Ca2
affinities are larger than the intrinsic Ca2 affinities forcoefficient was 1.6.
The FRET experiments clearly indicate that the C2B- both C2-domains agrees with the proposal that the phos-
pholipid head groups directly coordinate the Ca2 ionsdomain indeed binds PS-containing vesicles in a Ca2-
dependent manner similarly to the C2A-domain. To cor- bound to C2-domains (Zhang et al., 1998; Verdaguer et
al., 1999). The finding that the amounts of phospholipidroborate this critical finding by a different method, we
incubated liposomes with purified C2A- and C2B- binding to the C2A- and C2B-domains observed by the
FRET assay were similar, but were substantially de-domains fused to GST in the presence of different Ca2
concentrations, pelleted the liposomes by centrifuga- creased for the C2B-domain in the centrifugation and
pulldown assays, is probably due to the fact that thetion, and analyzed the amount of bound proteins by
SDS-PAGE. Ca2-dependent phospholipid binding was last two assays are much more stringent. These obser-
vations suggest that the C2B-domain binds phospholip-again observed for both the C2A- and the C2B-domains,
although the latter bound less tightly (Figure 7E). The ids less tightly than the C2A-domain, perhaps because
of the absence of a third Ca2 binding site. The differ-apparent Ca2 affinity observed with this assay was sig-
nificantly higher, possibly because GST forms dimers. ences in the apparent Ca2 affinities and cooperativities
observed in the different assays can probably be attrib-Note however that native synaptotagmin I also forms
constitutive dimers (Brose et al., 1992). As a final test, uted to the monomeric nature of the isolated C2-domains
used in the FRET assay versus the dimeric nature of thewe isolated GST-C2A- and -C2B-domain fusion proteins
by affinity chromatography and, after elution with gluta- GST fusion proteins used in the other assays.
thione, we purified them in solution by gel filtration.
The fusion proteins were then reattached to glutathione- Discussion
agarose and used in standard phospholipid binding
assays with radiolabeled liposomes (Davletov and Su¨d- Extensive evidence indicates that synaptotagmin 1 acts
as a Ca2 receptor in neurotransmitter release, but itshof, 1993). Ca2-dependent phospholipid binding was
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Figure 6. Comparison of the Ca2 Binding Modes of the Synaptotagmin 1 C2A- and C2B-Domains
(A) is a diagram summarizing the three Ca2 binding sites of the C2A-domain (Ca1–Ca3, solid circles) and its ligands. (B) shows a diagram
summarizing the potential Ca2 binding sites of the C2B-domain based on sequence comparisons with the synaptotagmin 1 C2A-domain and
with the C2-domains of PLC-	1 (Essen et al., 1997) and cPLA2 (Perisic et al., 1998). The NMR data show that Ca2 binds to sites Ca1 and Ca2
(solid circles) but not to site Ca4 (hollow circle). The basic side chains in loops 1–3 of the C2A- and C2B-domains are also shown in (A) and
(B). (C) is a stereo diagram of the Ca2 binding sites of the C2B-domain. The backbone is represented as a blue ribbon, the bound Ca2 ions
as orange spheres (Ca1 and Ca2), and the groups involved in Ca2 binding are displayed as ball-and-stick models with oxygen atoms colored
in yellow and carbon atoms colored in magenta.
mechanism of action remains unclear. Fundamentally, transmembrane region, suggesting that the function of
synaptotagmin I is executed primarily by its C2-domains.synaptotagmin I consists of two C2-domains that are
anchored to the synaptic vesicle membrane by a single Whereas the observation that there are conserved se-
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quence differences between the two C2-domains sug-
gested that they may play distinct functions (Perin et
al., 1990), the substantial sequence homology between
the two domains also suggests that they may share
some common properties that could underlie a coopera-
tive action between them. However, no common target
molecules of the two C2-domains were identified, and
contradictory results were obtained in biochemical stud-
ies of the C2B-domain, including the surprising lack of
phospholipid binding activity. In addition, the bound-
aries, the structure, and the Ca2 binding mode of the
C2B-domain had not been defined experimentally. In
the present study, we describe the three-dimensional
structure of the C2B-domain, revealing a  sandwich
that exhibits striking similarities and differences with the
C2A-domain. The C2B-domain contains two additional
 helices at the bottom half of the  sandwich, which
is opposite to the Ca2 binding region, suggesting that
the bottom surfaces of the two C2-domains mediate dis-
tinct Ca2-independent interactions. However, the C2B-
domain resembles the C2A-domain in its overall  sand-
wich fold, its mode of Ca2 binding by the top loops, its
distribution of basic and hydrophobic residues around
the Ca2 binding region, and its lack of Ca2-induced
conformational changes. Consistent with these similari-
ties, we demonstrate that the C2B-domain is in fact a Ca2-
dependent phospholipid binding module. These results
lead to a novel view of how synaptotatgmin functions
since they show that the two C2-domains can cooperate
in a common activity, Ca2-dependent phospholipid
binding. This activity is most likely key for Ca2 triggering
of neurotransmitter release.
As we reported recently, some of the confusing
biochemical data described for the synaptotagmin 1
C2B-domain may have arisen from the presence of
bacterial contaminants tightly bound to its polybasic
region, and from a mutation in a highly conserved glycine
(Gly374Asp) that hinders proper folding of the domain
(Ubach et al., 2001) and consequently affects its bio-
chemical properties (Davis et al., 1999; Desai et al.,
2000). The structure of the C2B-domain described here
shows that inconsistent results may have also arisen inFigure 7. The Synaptotagmin 1 C2B-Domain Binds PS-Containing
some cases from the use of incomplete C2B-domainVesicles in a Ca2-Dependent Manner
sequences. Since helices A and B are absent in the C2A-(A) and (B) show FRET measurements from the C2A-domain (A) and
C2B-domain (B) to phospholipid vesicles containing 10% dansyl- domain and were not predicted by sequence align-
PE, 25% PS, and 65% PC in the presence of 0.5 mM EDTA (red ments, the C2B-domain was initially thought to be about
traces) or 0.2 mM Ca2 (black traces). The protein concentration 20 residues shorter and to be followed by a small
was 1 
M and the lipid concentration was 0.022 mg/ml. In (B), the C-terminal sequence that in fact forms strand 8 andgreen trace was acquired with wild-type C2B-domain in 1 mM Mg2
helix B in the structure of the C2B-domain. Whereas helixand the blue trace with the D309N mutant C2B-domain in the pres-
A was already observed in the structures of the rabphilinence of 0.2 mM Ca2. A spectrum acquired under identical condi-
tions but without protein was subtracted for each data set. (C) and
(D) show Ca2 dependence of phospholipid binding measured by
FRET for the C2A-domain (C) and the C2B-domain (D). The relative
change in FRET measured as in (A) and (B) is represented as a sie Blue staining. (F) and (G) show Ca2-dependent phospholipid
function of the Ca2 concentration for the C2A-domain (C) and the binding to immobilized GST-C2A-domain (F) and GST-C2B-domain
C2B-domain (D). The data represent an average of three measure- (G). GST fusion proteins reattached to glutathione-agarose after
ments which yielded an apparent Ca2 affinity and Hill coefficient purification in solution were incubated with 3H-labeled liposomes
of 54 
M Ca2 and 1.3, respectively, for the C2A-domain, and 48 (PS/PC 30:70) at various Ca2 concentrations and after washing the

M Ca2 and 1.6, respectively, for the C2B-domain. (E) shows Ca2- resin, the bound lipids were measured by scintillation counting. Each
dependent phospholipid binding to the C2A-domain and the C2B- graph shows a representative experiment performed in triplicate.
domain monitored by centrifugation. Samples containing purified The average apparent Ca2 affinity and Hill coefficient obtained from
GST-C2A-domain or GST-C2B-domain were incubated with lipo- four independent experiments was 13
M Ca2 and 3.6, respectively,
somes (PS/PC 25:75) and various Ca2 concentrations as indicated. for the C2A-domain, and 15 
M Ca2 and 1.7, respectively, for the
The samples were centrifuged and, after washing the precipitated C2B-domain. Some error bars are not visible because of their small
liposomes, bound protein was analyzed by SDS-PAGE and Coomas- size.
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Figure 8. Ribbon Diagrams of the C2A- and C2B-Domains of Synaptotagmin 1 Oriented with Their Ca2 Binding Sites in Close Proximity
The proximity of the C terminus of the C2A-domain (267) to the N terminus of the C2B-domain (273) shows that this orientation can be easily
reached.
and synaptotagmin 3 C2B-domains (Ubach et al., 1999; contain the serine residue involved in site Ca3 and are
thus likely to bind three Ca2 ions since this third siteSutton et al., 1999), helix B of the synaptotagmin 1 C2B-
domain represents a new specific feature that is also can be introduced into the synaptotagmin 1 C2B-domain
by a G368S mutation.present in synaptotagmins 2 and 8, but is generally ab-
sent in other C2B-domains. The high evolutionary con- The similarities in the Ca2 binding mode and the
structure of the two synaptotagmin 1 C2-domains at theservation of this sequence suggests an important func-
tion that is not shared with most synaptotagmin top of the  sandwich revealed by our results suggested
that they both may share a common Ca2-dependentisoforms. In this context, the sequence spanning strand
8 and helix B has been implicated in targeting (Bla- activity, although perhaps modulated by the difference
in one Ca2 binding site. Since Ca2-dependent phos-goveshchenskaya et al., 1999), in synaptic vesicle dock-
ing (Fukuda et al., 2000) and in internalization (Jarousse pholipid binding is the most general property of C2-
domains, which is shared by the synaptotagmin 1 C2A-and Kelly, 2001), although the residues proposed to be
involved in these activities are buried in the structure of domain, we hypothesized that previous experiments
with immobilized GST-C2B-domain might have failed tothe C2B-domain. The latter study suggested that the rest
of the C2B-domain sequence regulates internalization. reveal binding to PS-containing vesicles because of tightly
bound bacterial contaminants. Using three differentThe proximity of helix B to the polybasic region that has
been previously implicated in endocytosis (Chapman et assays, we demonstrate that properly purified synaptotag-
min 1 C2B-domain indeed binds to phospholipids in aal., 1998) (Figure 2A) could underlie such regulation,
but further experimentation will be required to test this Ca2-dependent manner. Similar Ca2 concentrations
generally promoted binding of the C2A- and C2B-model.
Our data also show the stoichiometry and mode of domains to the vesicles in each different assay and, as
mentioned above, the observation of different apparentCa2 binding to the synaptotagmin 1 C2B-domain, re-
vealing a bipartite Ca2 binding motif that includes five Ca2 affinites in the different assays (from ca. 10 
M to
50 
M) can be attributed to the different nature of theaspartate side chains and two carbonyl groups (Figures
6B and 6C). This motif is very similar to that observed assays. The range of apparent Ca2 affinities observed
compares well with the Ca2 requirement of neurotrans-in the synaptotagmin 1 C2A-domain, but lacks one of its
Ca2 binding sites (site Ca3) due to the absence of a mitter release at the calyx of Held (ca. 10 
M; Schneg-
genburger and Neher, 2000; Bollmann et al., 2000) con-serine in the position homologous to S235 of the C2A-
domain. Most C2B-domains of the synaptotagmin family sidering that none of the assays can be expected to
accurately reproduce the conditions experienced in vivoalso lack this serine residue and contain the five aspar-
tates involved in Ca2 binding to the synaptotagmin 1 by synaptotagmin 1. Preliminary NMR studies of the
double C2-domain region of synaptotagmin 1 suggestC2B-domain, indicating that they share the same bipar-
tite Ca2binding motif. These include the synaptotagmin that there is little interaction between the two C2-
domains in the absence and presence of Ca2 (our un-3 C2B-domain, which was suggested to bind only one
divalent cation based on X-ray diffraction studies per- published results; but see Garcia et al., 2000). This ob-
servation suggests that the two C2-domains, which areformed in the presence of Mg2 (Sutton et al., 1999) but
was not analyzed in the presence of Ca2. On the other connected by a short flexible linker, can easily rotate
with respect to each other and place their Ca2/phos-hand, the C2B-domains of synaptotagmins 4 and 7 do
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corrections. Phi and psi torsions angle restraints were includedpholipid binding sites in close proximity (see Figure 8),
based on analysis of HN, 15N, 13C, 13CO, and 13C chemical shiftswhich would clearly favor a cooperative interaction with
using the program TALOS (Cornilescu et al., 1999). Dihedral anglesmembranes.
were restrained to the maximum of 22.5 or 1.5 times the standard
Our results have critical implications to understand deviation observed in the TALOS database matches. To restrain
the function of synaptotagmin 1. The immobilized GST- hydrogen bonds, the H/O distances were restrained to 1.7–2.5 A˚
and the N/O distances to 2.7–3.5 A˚. Structures of the C2B-domainC2B-domain was previously reported to bind phospho-
were initially calculated and refined without including Ca2 ionsinositides (Schiavo et al., 1996), but the significance of
using torsion angle simulated annealing with the program CNSthese results is uncertain since the same fusion proteins
(Brunger et al., 1998). Restraints between Ca2 ligands and Ca2did not bind PS. The observation that the C2B-domain ions to 1.8–2.8 A˚ were then introduced, which did not result in any
does bind PS in a Ca2-dependent manner and thus significant increase in total energy or NOE energy. A total of 500
shares this property with the C2A-domain indicates that structures were calculated with the final set of restraints, and the
20 structures with the lowest NOE energy were selected.synaptotagmin 1 acts as a “phospholipid binding ma-
chine.” Since phospholipids are intrinsically involved in
Phospholipid Bindingmembrane fusion, it is tempting to speculate that the
FRET experiments were performed on a Perkin Elmer LS50-B spec-primary function of synaptotagmin 1 during neurotrans-
trofluorimeter exciting at 280 nm and recording the emission spectramitter release is to bind to the membrane upon Ca2
from 400 to 600 nm. The experiments were performed at roominflux with the cooperative effect of both C2-domains, temperature in 20 mM Tris (PH 7.2), 100 mM NaCl, with 0.022 mg/
which may directly help to promote fusion or may help ml lipid concentration and 1 
M protein, and the corresponding
to release tension in the metastable state that is created additions of EDTA, Ca2, or Mg2. A fluorescence spectra acquired
under identical conditions but in the absence of protein was sub-after vesicle priming. Clearly, other interactions of sy-
tracted from the corresponding spectra acquired in the presencenaptotagmin 1, such as those with components of the
of protein. Ca2 titrations were performed by adding the appropriateSNARE complex (Li et al., 1995), may also play a role
volumes of a standardized CaCl2 solution (Fluka) to protein samplesand it will be critical to establish whether these interac-
that had been extensively diluted/concentrated with buffer con-
tions and phospholipid binding are compatible or mutu- taining no Ca2 or Ca2 chelators.
ally exclusive. For centrifugations assays, dried lipids were suspended in HEPES
buffer (50 mM HEPES, 100 mM NaCl, and 4 mM EGTA, [pH 6.8])
containing 0.5 M sucrose, vortexed, and sonicated. Heavy lipo-Experimental Procedures
somes were isolated by centrifugation (100,000 g for 30 min) after
adding 4 volumes of HEPES buffer without sucrose. The heavyProtein Expression and Purification
liposomes were then washed with HEPES buffer, precipitated byExpression vectors to obtain rat synaptotagmin 1 C2A-domain (resi-
microcentrifugation (13000 rpm for 10 min), and resuspended indues 140–267) and C2B-domain (residues 271–421) as GST fusion
HEPES buffer. Six micrograms of recombinant GST-C2A or GST-proteins have been described earlier (Davletov and Su¨dhof, 1993;
C2B were incubated with 100 
g of liposomes with various concen-Ubach et al., 2001). Plasmids encoding the C2B-domain mutants
trations of free Ca2 clamped with Ca2/EGTA buffers and centri-were obtained using the QuickChange site-directed mutagenesis
fuged (13000 rpm for 10 min). The pellets were washed with theprotocol (Stratagene). Recombinant proteins were expressed in
corresponding Ca2-EGTA buffer, treated with chloroform:methanolEschericia coli BL21 cells and purified as described (Shao et al.,
(1:2, v/v), and centrifuged again (13000 rpm for 15 min). The protein1997; Ubach et al., 2001).
precipitate was then analyzed by SDS-PAGE and Coomassie Blue
staining.NMR Spectroscopy
Binding assays on GST-affinity resins were performed using GST-All NMR experiments were acquired at 30C on Varian Inova500 or
C2A-domain or GST-C2B-domain fusion proteins that were isolatedInova600 spectrometers with samples of wild-type or mutant C2B-
by affinity chromatography, eluted with glutathione, and purified bydomain dissolved in 50 mM Mes (pH 6.3), 150 mM NaCl, and 2
gel filtration at high ionic strength as described previously for themM DTT. Ca2 titrations monitored by 1H-15N HSQC spectra were
C2B-domain (Ubach et al., 2001). The fusion proteins were thenperformed as described (Ubach et al., 1998) using 150 
M samples
reattached to glutathione agarose, and lipid binding was assayedof the wild-type or mutant C2B-domains. Samples of 1.3 mM 15N-
as described previously for the C2A-domain (Davletov and Su¨dhof,labeled and 15N,13C-labeled C2B-domain containing 20 mM Ca2
1993; Zhang et al., 1998).were used to determine the structure of the Ca2bound C2B-domain
using a suite of pulsed-field gradient enhanced NMR experiments
(Kay, 1993; Kay et al., 1993, 1994; Muhandiram and Kay, 1994), as Acknowledgments
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